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Background:  HIV  prevalence  is decreasing  in  much  of  sub-Saharan  Africa  (SSA),  but the  drivers  of  the
decline  are  subject  to  much  dispute.  Using  mathematical  modeling  as  a tool  for hypothesis  generation,
we  demonstrate  how  the  hypothesis  that the  drop  in  prevalence  reﬂects  declines  in  sexual  risk  behavior
is self-consistent.  We  characterize  these  potential  declines  in  terms  of  their  scale,  duration,  and  timing,
and  theorize  on how  small  changes  in sexual  behavior  at  the  individual-level  could  have driven  large
declines  in HIV prevalence.
Materials and methods:  A population-level  deterministic  compartmental  model  was  constructed  to
describe  the HIV  epidemics  in 24  countries  in SSA  with  sufﬁcient  trend  data.  The  model  was parameter-
ized  by  national  HIV  prevalence  and  HIV  natural  history  and  transmission  data.  The  temporal  evolution  of
sexual  risk  behavior  was  characterized  using  established  tools  and uncertainty  and  sensitivity  analyses
on the results  were  conducted.
Results:  Declines  in  the  scale  of sexual  risk  behavior  between  31.8%  (Botswana)  and  89.3%  (Liberia)  can
explain  the declining  HIV  prevalence  across  countries.  The  average  decline  across  countries  was  68.9%.
The  transition  in  sexual  risk  behavior  lasted  between  2.7 (Botswana)  and  16.6  (Gabon)  years  with  an
average  of 8.2  years.  The  turning  point  year  of  the transition  occurred  between  1993  (Burundi)  and
2001  (Namibia),  but  clustered  around  1995  for  most  countries.  The  uncertainty  and  sensitivity  analyses
afﬁrmed  our  model  predictions.
Conclusion:  The  hypothesis  that  HIV prevalence  declines  in SSA  have  been  driven  by declines  in sexual
risk  behavior  is self-consistent  and  provides  a convincing  narrative  for an  evolving  HIV epidemiology
in  this  region.  The  hypothesized  declines  must  have  been  remarkable  in  their intensity,  rapidity,  and
synchronicity  to explain  the  temporal  trends  in  HIV  prevalence.  These  ﬁndings  provide  contextual  support
for the  hypothesis  that changes  in sexual  behavior  that  materialized  in  the  1990s  are  a dominant  driver
of  the  recent  decreases  in HIV prevalence.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-NDntroduction
Sub-Saharan Africa (SSA) remains the region most affected by
IV, with 70% of the global HIV disease burden and 1.6 million new
nfections in 2012 (UNAIDS, 2013a, 2013b). However, recent evi-
ence suggests that HIV prevalence and incidence have declined in
arts of East and Southern Africa (The World Bank, 2014; UNAIDS,
010, 2013a, 2013b; UNAIDS/WHO, 2010a, 2011). HIV incidence
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appears to have declined by more than 50% between 2001 and 2011
in 25 low- and middle-income countries, mostly from SSA (UNAIDS,
2012). Nevertheless, the drivers of the decline in prevalence and
incidence are not well understood and subject to much dispute.
Several mechanisms can contribute to such declines such as reduc-
tion in sexual risk behavior (Hallett et al., 2006, 2009; Kilian et al.,
1999; UNAIDS, 1999), natural epidemic dynamics (Garnett et al.,
2006), increased HIV-associated mortality (UNAIDS, 1999; Walker
et al., 2008), impact of interventions (UNAIDS, 1999), and/or het-
erogeneity in host susceptibility to HIV infection (Nagelkerke et al.,
2009, 2014).
Different studies have suggested that substantial reductions in
different aspects of sexual behavior may  have occurred in SSA
including fewer sexual partners, increased condom use, or delay in
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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exual debut (UNAIDS/WHO, 2011). Uganda provides an example
here rapid reductions in sexual risk behavior appear to have led
o a dramatic drop in HIV prevalence (Kamali et al., 2000; Kilian
t al., 1999; Low-Beer and Stoneburner, 2003; Stoneburner and
ow-Beer, 2004). Other studies in other countries have also sug-
ested that reductions in sexual risk behavior have led to declines
n HIV prevalence such as in Zimbabwe, Kenya, and Malawi (Bello
t al., 2011; Boily et al., 2005; Gregson et al., 2010; Hallett et al.,
006, 2009; Kilian et al., 1999; Low-Beer and Stoneburner, 2003;
alker et al., 2008). It is not clear, however, whether such changes
ave occurred widely across SSA. The scale and timing of these
hanges in sexual behavior, and duration over which they have
ccurred, are also poorly understood.
Self-reported sexual behavior provides one methodology for
ssessing the temporal changes in sexual risk behavior. Never-
heless, such data are fraught with potential ﬂaws such as social
esirability and recall biases, among other non-random biases, and
nformational limitations of egocentric sexual behavior data (Abu-
addad et al., 2010; Cleland et al., 2004; Helleringer et al., 2011;
orris, 2004; Obasi et al., 1999). It is also challenging to quantify
imultaneously the multitude of aspects that represent sexual risk
ehavior such as age at sexual debut, rate of partnership forma-
ion, contact with sex workers, concurrent partners, and risk group
ohort mixing (Abu-Raddad et al., 2006; Watts and May, 1992). Last
ut not least, it is still not well understood how speciﬁc aspects of
exual behavior can drive HIV infection acquisition and transmis-
ion more so than others (Abu-Raddad et al., 2010).
Against this background, we attempt to answer the following
uestion: Are the trends in HIV prevalence in SSA consistent with
he hypothesis that the declines in prevalence (and incidence)
ccurred as a consequence of large and recent reductions in sex-
al risk behavior? To address this question, we used mathematical
odeling as a tool for hypothesis generation, by constructing a
athematical model to conduct a “Gedanken experiment” (thought
xperiment) to assess the “internal validity” of this hypothesis.
hile our approach is an indirect one and does not prove per se
he validity of this hypothesis, it demonstrates the self-consistency
nd plausibility of this hypothesis across 18 countries in SSA. It also
uantiﬁes the scale of the hypothesized reductions, their duration,
nd when they occurred. Among the strengths of this approach is
hat it is independent of the limitations of using self-reported sex-
al behavior data to generate inferences about the trends in sexual
isk behavior, and that it disentangles the declines in HIV preva-
ence due to natural epidemic dynamics (such as high risk group
epletion), from those due to the hypothesized changes in sex-
al risk behavior. Our approach in essence provides a comparative
nalysis of the reductions in the risk of HIV exposure, irrespective
f the speciﬁc drivers of this reduction, across multiple countries
n SSA using a uniﬁed and systematic methodology.
ethods
athematical model
A deterministic compartmental mathematical model was  con-
tructed, based on extension of earlier models (Abu-Raddad and
ongini, 2008; Abu-Raddad et al., 2006), to describe the hetero-
exual transmission of HIV in a given population (Supplementary
aterial (SM)). The model consists of a system of coupled nonlin-
ar differential equations, and stratiﬁes the population according to
IV status, stage of infection and sexual risk group. HIV progressionn the model is divided into the three stages of acute, chronic, and
dvanced. The mixing between the sexual risk groups is described
y a mixing matrix that incorporates both an assortative compo-
ent (choosing partners only from within their risk group), and aidemics 8 (2014) 9–17
proportionate component (choosing partners with no preferential
bias based on the kind of risk group).
Our model incorporates 10 sexual risk groups in the popula-
tion, starting from lower to higher levels of sexual risk behavior.
Replacement of individuals into the different risk groups occurs by
assuming that individuals enter the sexually active population at
a ﬁxed rate and a ﬁxed distribution across these risk groups. It is
also assumed that people stay in the same risk group throughout
their sexual lifespan. The distribution of the population across the
risk groups follows a gamma  distribution (Eq. S8 of SM)  based on
empirical data from SSA of the degree distribution in a sexually
active population (distribution of the number of sexual partners
per year) (Bansal et al., 2007; Cuadros et al., 2011; Hamilton et al.,
2008; Handcock and Jones, 2004). Accordingly, a vast majority of
the population will enter the lower risk groups whereas a small
proportion of the population will enter the higher risk groups.
The level of sexual risk behavior was  parameterized by the effec-
tive partnership change rate in each risk group, and in essence it
is a measure of the overall risk of exposure to the HIV infection
(that is the force of infection) reﬂecting both behavioral as well
as possibly biological co-factors. The effective partnership change
rate, in units of number of partners per year, captures the num-
ber of new sexual partners an individual in a speciﬁed risk group
acquires, but also effectively other factors that enhance the risk of
exposure to the infection such as concurrency and clustering within
sexual networks (Abu-Raddad and Longini, 2008; Kretzschmar and
Morris, 1996; Morris, 1997; Morris and Kretzschmar, 1997; Watts
and May, 1992), and variability in sexual risk behavior in the pop-
ulation (May  and Anderson, 1988). Since the exact nature of sexual
behavior and sexual networks in SSA is not well-understood and
varies within and across communities (Ferry et al., 2001; Lagarde
et al., 2001), the partnership change rate is effectively a summary
measure of the population-speciﬁc level of sexual risk behavior,
and captures the distribution and strength of the risk of exposure
to HIV infection.
We assumed that the distribution of the level of sexual risk
behavior across the different risk groups follows a power law func-
tion. This form is motivated by the results of simulations exploring
the diversity in the level of sexual risk behavior in human popu-
lations (Awad et al., 2012), and also by analyses of the properties
of complex weighted networks (Barabási, 2003; Barrat et al., 2004;
Boccaletti et al., 2006; Watts and Strogatz, 1998). We parameter-
ized the time dependence of the level of sexual risk behavior in each
risk group through a Wood-Saxon function (Velicia, 1987; Woods
and Saxon, 1954), to characterize the temporal evolution of sexual
risk behavior during the HIV epidemic (Eq. S10 of SM). This logis-
tic function is speciﬁcally designed to parameterize transitions in
terms of their scale and strength, duration, and the turning point
(Velicia, 1987; Woods and Saxon, 1954).
We assumed that the change in the level of sexual risk behavior
for all risk groups follows the same time trajectory, that is all risk
groups have the same scale of reduction in the level of sexual risk
behavior. Table S1 of SM,  using Kenya as an example, displays the
proportion of individuals in each risk group, the risk-group-speciﬁc
effective partnership change rate prior and after the transition in
sexual risk behavior, and the risk-group-speciﬁc basic reproduction
number (the average number of secondary infections in a fully sus-
ceptible population, R0) prior and after the transition in sexual risk
behavior. Further details about the model structure can be found
in the SM.
Data source and model ﬁttingThe model was  parameterized using recent empirical epidemi-
ological and natural history data from SSA. The model’s parameter
values along with their references are listed in Table S2 of SM.  The
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Fig. 1. Parametric characterization of the reduction in sexual risk behavior. The
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pgure characterizes how the transition in sexual risk behavior was parameterized
n the model in terms of the scale of the reduction, the duration of transition, and
he turning-point year of the transition.
ountry speciﬁc time series of HIV prevalence data was obtained
rom the Joint United Nations Programme on HIV/AIDS (UNAIDS)
stimates that are based on a distillation of large and diverse
ources of HIV prevalence data to arrive at a national level trajec-
ory of HIV prevalence (UNAIDS/WHO, 2010b). Countries in SSA
ere considered for inclusion in our analysis based on the avail-
bility of sufﬁcient data in UNAIDS estimates to characterize the
rend in HIV prevalence at the national level. Consequently, a total
f 24 countries in SSA were included: Angola, Botswana, Burundi,
ameroon, Central African Republic, Chad, Cote d’Ivoire, Eritrea,
abon, Ghana, Kenya, Lesotho, Liberia, Malawi, Mali, Namibia,
iger, Nigeria, South Africa, Swaziland, Tanzania, Togo, Zambia, and
imbabwe.
The model was ﬁtted to the HIV prevalence time-series data
sing a nonlinear least-square ﬁtting method that incorporates an
lgorithm speciﬁcally designed to ﬁnd the best ﬁt for non-linear
unctions through an iterative process. This technique, imple-
ented in MATLAB® (MATLAB®, 2013), minimizes the sum of
quares between all data points and the nonlinear model, using
he Nelder–Mead simplex algorithm as described in Lagarias et al.
Lagarias 1998). Five measures were derived by generating the
est ﬁt for each country: the size of the epidemic at the year HIV
as seeded in the simulations (1970), the average level of sexual
isk behavior, the scale of the reduction in average level of sexual
isk behavior in the population (the effective partnership change
ate), the duration of the sexual risk transition (the time needed
or the effective partnership change rate to fall from 90% to 10% of
ts initial value (Velicia, 1987; Woods and Saxon, 1954)), and the
urning-point year of the transition (inﬂexion point exactly halfway
hrough the transition). Fig. 1 shows a typical transition in sexual
isk behavior as an example of this methodology, and its application
n characterizing transitions.
ncertainty and sensitivity analyses
A multivariate uncertainty analysis was conducted to specify
he ranges of uncertainty in the predicted scale of the reduction in
exual risk behavior, the duration of the sexual risk behavior tran-
ition, and the turning-point year of the transition. This was  done
sing Monte Carlo sampling from uniform probability distributions
or the uncertainty in the biological and behavioral parameters
f the model and assuming an uncertainty of 20% around the
oint estimates of all parameters (Table S2 of SM). Accordingly,idemics 8 (2014) 9–17 11
we varied HIV transmission probability per coital act, duration of
each HIV stage, frequency of coital acts per HIV stage, duration
of partnership, degree of assortativeness, scale parameter in the
gamma  distribution of the population across the risk groups, and
exponent parameter in the power law function of the distribution
of sexual risk behavior. This set of new parameters was  then used to
reﬁt HIV prevalence trend for each country. We  implemented 1000
runs of the model for each country and determined the mean value
and associated 95% conﬁdence interval (CI) for the predicted scale
of the reduction in sexual risk behavior, the duration of sexual risk
behavior transition, and the turning-point year of the transition.
Other uncertainty analyses were also performed, using Kenya
as an example, to assess the impact of other assumptions for the
uncertainty on our model predictions. An uncertainty analysis was
conducted to incorporate the uncertainty in UNAIDS HIV preva-
lence estimates, in addition to the uncertainty in the ranges of the
biological and behavioral parameters of the model. An additional
uncertainty analysis was  conducted assuming a wider uncertainty
range of 35% around the point estimates of all parameters.
Several sensitivity analyses were also performed, using Kenya as
an example, to assess the impact of different factors on our predic-
tions. We  conducted a sensitivity analysis to assess the sensitivity
of our estimates for the scale of reduction in sexual risk behavior to
variations in HIV transmission probability per coital act, duration
of each HIV stage, duration of partnerships, degree of assortative-
ness, and the exponent parameter in the power law function of the
distribution of sexual risk behavior. We  further conducted sensi-
tivity analyses to assess whether differential sexual risk behavior
changes across the risk groups, or changes in the structure and
distribution of the durations of sexual partnerships across the dif-
ferent mixing states of these risk groups, can impact our results and
conclusions.
To explore several speciﬁc questions of theoretical interest to
explain some of the predictions of this study, such as the role
of natural epidemic dynamics (for example the replacement of
individuals with different risk proﬁles), and ability to explain preva-
lence trends with no need for changes in sexual risk behavior;
we conducted another sensitivity analysis by attempting to ﬁt
prevalence trends for Angola, Chad, Kenya, Nigeria, South Africa,
Swaziland, and Zambia assuming no changes in sexual risk behav-
ior.
Results
The mathematical model produced robust ﬁts for HIV preva-
lence data in all countries (Figure S1). Fig. 2 and Table S3 show the
means for the measures of the transition in sexual risk behavior
after conducting the multivariate uncertainty analysis. Substantial
reductions in the scale of the population sexual risk behavior (force
of infection) were predicted in most of the countries. The reduction
in sexual risk behavior ranged between 31.8% (95% CI: 17.4–45.3) in
Botswana and 89.3% (95% CI: 81.9–95.1) in Liberia, with an average
of 68.9% (Fig. 2A).
The duration of the transition in sexual risk behavior ranged
between 2.7 years (95% CI: 0.1–6.7) in Botswana and 16.6 years
(95% CI: 8.8–23.5) in Gabon with an average of 8.2 years (Fig. 2B).
The turning-point year of the sexual risk behavior transition ranged
from 1993 (95% CI: 1991–1994) in Burundi to 2001 (95% CI:
2000–2002) in Namibia, but largely clustered around 1995 for most
countries (Fig. 2C).
For six countries, Angola, Chad, Nigeria, South Africa, Swaziland,
and Zambia, we  could not ﬁnd evidence of a large and rapid tran-
sition in sexual risk behavior. For Angola, Nigeria, and Zambia, the
simulations failed to identify a clear transition in sexual risk behav-
ior, with a prediction of a very small reduction in risk behavior
12 S.F. Awad, L.J. Abu-Raddad / Ep
Fig. 2. Declines in sexual risk behavior across sub-Saharan Africa. Mean and 95%
conﬁdence interval for (A) the scale of the reduction in average level of sexual risk
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nd (C) the turning-point year of the transition. Countries are shown in order of
ncreasing HIV prevalence.
<10%) occurring over a very short transition duration (up to two
ears). For Chad, South Africa, and Swaziland, the model predicted a
ery slow transition lasting 45–103 years, suggesting that if a tran-
ition is occurring, it is happening at a very slow pace. The quality
f the ﬁts was also rather poor for Angola, Chad, and Nigeria.
The sensitivity analysis on these six countries using the same
odel, but with no assumed changes in sexual risk behavior, clar-
ﬁed further the results for these countries. For Angola, Chad, and
igeria, the ﬁts were once more rather poor, implying that nat-
ral epidemic dynamics alone cannot also explain the trends in
revalence. However, the model produced robust ﬁts for South
frica, Swaziland, and Zambia, implying that the trends in preva-
ence could be due to natural epidemic dynamics with no need for
apid and large changes in sexual risk behavior.Kenya was used as an example to illustrate the decline in HIV
ncidence and average level of sexual risk behavior in the popula-
ion (Fig. 3). HIV incidence peaked in 1992–1993 at about 4% per
erson-year (Fig. 3B). By 2010, HIV incidence declined by 78% toidemics 8 (2014) 9–17
about 1% per person-year. AIDS-associated mortality has grown
steadily in the early 1990s, and peaked in the late 1990s (Fig. 3C).
The average population-level sexual risk behavior, parameterized
by the average effective partnership change rate in the population,
declined by about 80% (Fig. 3D). The turning year of the transition
was 1993, the peak year for HIV incidence. Similar trends were also
observed in the rest of the countries.
Discussion
We  demonstrated for 18 countries in SSA the self-consistency
and plausibility of the hypothesis that HIV prevalence declines in
this part of the world could have been driven by declines in sexual
risk behavior. Moreover, we  found that these hypothesized declines
in sexual risk behavior must be substantial to explain the temporal
trends in HIV prevalence. The risk behavior transitions are remark-
able in terms of their intensity, rapidity, and synchronicity across
much of the African continent. To be consistent with the underlying
hypothesis, the level of sexual risk behavior must have declined on
average by about 70%, with the duration of the transition averaging
about 8 years, and the year of the transition turning point clustering
around 1995. This outcome suggests that the epidemiology of HIV
infection in SSA may  have experienced a striking evolution, within
only few years by the late 1990s, after a rapid rise in the epidemic
in the late 1980s through the mid-1990s.
These large declines in population-level sexual risk behavior
should not necessarily be interpreted to imply large declines in the
individual-level sexual behavior. The predicted declines are strictly
declines in the sexual risk of exposure to HIV infection, irrespective
of the behavioral and biological factors that can drive this risk and
its reduction. Individuals prior to the transition had a much greater
risk of encountering the infection than post transition. Our model
essentially estimates the chance that an individual in the popu-
lation in a given risk group will be exposed to the HIV infection.
Our ﬁndings suggest that the chance of being exposed to HIV  has
changed substantially by the late 1990s. The mechanisms of this
change may  relate to changes in sexual behavior at the individual-
level, as well as possibly to biological cofactors in HIV transmission
(Abu-Raddad et al., 2013; Nagelkerke et al., 2009), but through a
complex interplay that translates sexual behavior at the individual
level to sexual networking at the population-level.
We suspect that the individual-level sexual behavior has
changed, but probably not that dramatically within just a decade.
Instead, we  hypothesize that what have actually occurred is that
individuals have modestly changed several aspects of their sex-
ual behavior (Fig. 4A). These small changes in individual behavior
may include increased age at sexual debut, reduction in the num-
ber of sexual partners, replacement of casual partners by stable
partners, reduction in commercial sex contacts, reduction in con-
currency of partnerships, changes in the nature of coital frequency,
and increased condom use, among others. This bundle of small
changes in the individual-level sexual behavior added up to reduce
moderately aggregate sexual behavior at the level of the individ-
ual (Fig. 4B). Of note here is that aggregate sexual behavior at the
individual-level is meant to be a composite measure of the different
aspects of an individual’s sexual behavior. This should be distin-
guished from the population average sexual risk behavior, which
our model attempts to predict, and which is a measure of the aver-
age risk of HIV exposure in the population, factoring in other aspects
beyond the individual-level such as sexual networking.
We hypothesize further that the moderate changes in the
aggregate sexual behavior at the individual-level have led to large
disruptions in the dynamics of the sexual contact structure among
the different risk groups. This can be seen in our model as changes
in the values of the within-risk-group R0. After the transition in
S.F. Awad, L.J. Abu-Raddad / Epidemics 8 (2014) 9–17 13
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n  the population (parameterized using the average effective partnership change r
he  reduction in sexual risk behavior.
exual risk behavior, the within-group R0 has declined to a value
 1 for a large fraction of the risk groups, indicating that HIV
ransmission has crossed the threshold toward unsustainability.
ngoing HIV transmission in these population groups has become
ainly due to mixing with the higher risk groups, where HIVransmission remained sustainable (Abu-Raddad et al., 2008;
wad et al., 2012; Cuadros et al., 2013). This effect is visualized
or Kenya as an example. Table S1 of SM shows the results of the
ithin-risk-group R0 before and after the transition in sexual risk
ig. 4. Conceptual diagram to illustrate our hypothesis interpreting the predicted reduc
ow  (A) small changes in sexual behavior at the individual-level have led to (B) a moder
aterialized as (C) a large reduction in the connectivity of sexual networks and the risk oidence, (C) AIDS-associated mortality, and (D) average level of sexual risk behavior
he imposed red box shows the correlation between the rise of AIDS mortality and
behavior. Out of the ten risk groups in the population, seven risk
groups had an R0 > 1 before the transition in sexual risk behavior,
while after the transition, only four risk groups had an R0 > 1.
Equivalently, this disruption in the dynamics of the sexual con-
tact structure can be conceptualized as a massive disruption in the
connectivity of the sexual networks over which HIV was propa-
gating (Fig. 4C). Fig. 5 provides a visualization of this effect in a
hypothetical, simulated scenario of a number of individuals con-
nected randomly in a sexual network. A substantial reduction in
tions in sexual risk in sub-Saharan Africa. The ﬁgure sketches the explanation of
ate change in the aggregate sexual behavior at the individual-level, which in turn
f HIV exposure.
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Fig. 5. Comparison of the risk of exposure to HIV infection in two different sexual networks. (A) 100 individuals connected by 50 randomly distributed sexual partnerships
symbolizing the nature of sexual networks prior to the change in sexual risk behavior. (B) 100 individuals connected by 35 randomly distributed sexual partnerships
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pepresenting the nature of sexual networks after the change in sexual risk behavior
an  result in a large reduction in the risk of HIV exposure at the population-level. 
ffect.
he connectivity of the sexual network is observed following a
oderate reduction in aggregate sexual behavior at the individ-
al level – a 30% decrease in the number of sexual partners. The
ransition has resulted in a large reduction in the probability of any
iven individual to be exposed to HIV. Prior to the transition, the
ighlighted individual in the ﬁgure was connected to 4 individuals
irectly and 13 individuals indirectly. That is, he (or she) could have
een exposed to the infection through a total of 17 individuals. After
he transition, the same individual was connected to 3 individuals
irectly and 3 individuals indirectly. That is, he (or she) could have
een exposed to the infection through a total of 6 individuals; only
ne-third of the number of individuals prior to the transition. This
ype of phenomenon, of minor changes in individual sexual behav-
or leading to major changes in sexual networking has been already
escribed and discussed by Carnegie and Morris (2012).
This interpretation of our ﬁndings is supported by empir-
cal evidence from SSA that suggests considerable changes in
ndividual-level sexual behavior during the time of our predicted
ransitions. A cohort study in Tanzania in the mid-1990s has indi-
ated a reduction of 47% in the number of reported casual-sex
artners among men, and a decline of 45% in the proportion of
en  having more than one casual sexual partner (Ng’weshemi
t al., 1996). Other studies have documented increased age at sex-
al debut and reduced number of casual partners from the late
990s in Zimbabwe (Gregson et al., 2010; Halperin et al., 2011;
ahomva et al., 2006). Substantial reduction in the number of
exual partners, and increased age at ﬁrst sex, were reported in
enya (Hallett et al., 2006). Increased condom use among men
ith multiple partners, reduction in the proportion of men  having
ex with more than one woman, and reduction in the proportion
f 15–19 years old persons starting sex were reported in Malawi
Bello et al., 2011). Other mathematical modeling studies applied
n speciﬁc settings also support our ﬁndings, suggesting substantial
eductions in sexual risk behavior (Bello et al., 2011; Hallett et al.,
006).
The drivers of the changes in the individual-level aggregate sex-
al behavior are not well understood. It is difﬁcult to attribute the
hanges in sexual behavior to HIV prevention programs, since most
f these programs were still in their infancy in the 1990s. It is not
ikely that these programs had the coverage or the sustainability
o drive such changes in sexual risk behavior. Nevertheless, it is
lausible that part of the changes in sexual risk behavior in the mid-
990s may  have been driven by the visibility of AIDS; a disease that
s associated with tragic morbidity and mortality (Hargrove et al.,
011; Muchini et al., 2011; Ng’weshemi et al., 1996). Since the peak
f HIV incidence in the general population appears to have occurred
n the late 1980s through the early 1990s in most countries (Fig. 3B
rovides an example), the second part of the 1990s is the time inﬁgure illustrates how a moderate change in sexual behavior at the individual-level
ie and Morris (2012) provides another poignant example of such sexual-network
which the scale of the AIDS problem became visible (Fig. 3C and D
provide an example).
These changes in sexual risk behavior could be more inﬂuenced
by the visibility of AIDS mortality in some countries as opposed to
others. The scale of reduction in sexual risk behavior may  not also
necessarily be directly proportional to the scale of AIDS mortality.
The changes in individual-level sexual behavior could be higher in
settings with high HIV prevalence and high AIDS mortality, but this
may  not necessarily translate into proportionally larger disruptions
of sexual networks and much smaller epidemics. Conversely, in a
low HIV prevalence setting where the epidemic can be close to its
epidemic threshold among the general population, small changes
in individual-level sexual behavior may  lead to large disruptions
in the originally sparser sexual networks and also large reductions
in the sizes of the epidemics (Cuadros et al., 2013). Of notice too
that many HIV epidemics tend to be clustered geographically, and
national trends may  not be representative of the actual epidemics,
and visibility of AIDS mortality, within. It is in fact common to see
high HIV prevalence epidemics in speciﬁc geographic locations in
low HIV prevalence countries (Cuadros et al., 2013).
We  did not ﬁnd evidence for a large and rapid transition in sexual
risk behavior in six countries, Angola, Chad, Nigeria, South Africa,
Swaziland, and Zambia. For South Africa, Swaziland, and Zambia,
the trends in prevalence were found to be consistent with natu-
ral epidemic dynamics. Meanwhile, the trends in prevalence for
Angola, Chad, and Nigeria remained poorly explained by both a
model with and with no assumed changes in sexual risk behavior,
indicating that these countries are outliers that may  require further
data and in-depth analysis to understand epidemic status.
Lack of evidence for a substantial change in sexual risk behavior
in these countries does not necessarily mean that such changes did
not occur. The changes may  have not been large enough to consider-
ably affect HIV prevalence, or may  have been delayed relative to the
other countries to the extent that they have not yet fully material-
ized to be captured in our analysis, or that there could be limitations
in the representativeness of the prevalence data for these speciﬁc
countries.
Our analysis showed that there is variation in the scale of reduc-
tion in sexual risk behavior across SSA, with some having small
and moderate declines (such as Lesotho), and others steeper and
more substantial declines (such as Liberia). The reasons behind
the variation in the reduction in sexual risk behavior across SSA
are not well-understood, and it is important to investigate them
to better understand the drivers of HIV transmission across this
continent. Such investigation would require in-depth county-by-
country epidemiological analyses of empirical data, such as that
of the extensive four-city study (Buve et al., 2001a). Though such
studies have a long history in the HIV ﬁeld, and have identiﬁed key
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iomarkers contributing to the differential HIV prevalence, such as
ale circumcision (Buve et al., 2001b), generally the results of these
tudies were disappointing in identifying clear signatures of differ-
nces in sexual risk behavior across countries (Ferry et al., 2001).
he limitations of self-reported sexual behavior data (Catania et al.,
990; Cleland et al., 2004; Helleringer et al., 2011; Morris, 2004;
basi et al., 1999; Pisani et al., 2003), could be a key reason for the
hallenges encountered in these analyses.
Our analysis provided a contextual support of a remarkable
eduction in sexual risk behavior, but through an indirect approach
ather than direct empirical data. Though we  used an elaborate
athematical model structure to capture the complexity of HIV
ynamics, our results may  depend on the type of mathematical
odel structure used. For example, we did not explicitly stratify
he population by sex and age group, but the relative change in risk
ehavior may  vary between males and females, and from one age
roup to another. Furthermore, we did not account for the fact that
igh risk partnerships may  use condoms at higher frequency, which
ould result in greater reduction in sexual risk behavior over time in
hese risk groups compared to lower risk groups. We  also assumed
niform partnership duration, but the duration of partnership can
ary by risk group. Additionally, the model did not include scale-up
f more recent interventions such as anti-retroviral therapy (ART)
nd voluntary medical male circumcision (VMMC). The scale-up of
hese interventions is likely to impact the future trajectory of the
pidemic (Delva et al., 2012; Njeuhmeli et al., 2011).
We did not factor the uncertainty in UNAIDS estimates of HIV
revalence trends. We  also assumed a range of uncertainty of 20%
round the point estimates of all parameters, but the uncertainty
n some of these parameters could be larger than this range. Other
echanisms could also potentially explain the declines in HIV
revalence. For instance, heterogeneity in HIV host susceptibility
ay  explain these declines as has been suggested by Nagelkerke
t al. (2009). Lastly, our model is dependent on the availability of
epresentative time-trend data for HIV prevalence, and HIV preva-
ence data prior to 1990 are very limited. Limitations in the data
nput of our model can lead to limitations in the model’s predic-
ions.
Despite these limitations, our model was sufﬁciently complex
o characterize an overall average change in sexual risk behavior
cross the different population substrata. It also produced robust
ts for HIV prevalence data across most countries, and predicted
ransitions in sexual risk behavior that are consistent with self-
eported sexual behavior data. As afﬁrmed through our results and
 sensitivity analysis for Kenya as an example (details not shown),
ssuming no changes in sexual risk behavior and only including HIV
atural dynamics, our model was not able to capture the observed
arge declines in HIV prevalence. Including changes in sexual risk
ehavior was found critical to ﬁtting HIV epidemic trends across
ost of SSA.
Furthermore, as afﬁrmed in the sensitivity analysis exploring
he impact of differential changes in sexual risk behavior across the
isk groups (details not shown), the assumption of uniform decline
n risk behavior across the risk groups was not found to have an
ffect on our conclusions; a result that is not difﬁcult to understand
onsidering the disproportionate role that the higher risk popula-
ions play in the epidemic. Moreover, the sensitivity analysis for the
hanges in the structure and distribution of the durations of sexual
artnerships across risk groups (details not shown), also afﬁrmed
ur conclusions.
Other sensitivity analyses also demonstrated the robustness of
ur predictions with respect to variations in the model structure,
he distribution of the population across the different risk groups,
nd the distribution of sexual risk behavior across the different
isk groups (details not shown). These variations did not affect
ur predictions for the dramatic changes in sexual risk behavior.idemics 8 (2014) 9–17 15
Furthermore, other sensitivity analyses have shown low to mod-
erate sensitivity with respect to the uncertainty in the parameters
over wider ranges of variation (details not shown). The scale of
reduction in sexual risk behavior was not sensitive to the degree of
assortativeness, the duration of sexual partnership, and the trans-
mission probability per coital act. However, the reduction in sexual
risk behavior was  somewhat sensitive to the average duration from
onset of infection to death. Regardless, our conclusion regarding the
large declines in sexual risk behavior was preserved even when the
duration from onset of infection to death was doubled.
We also conducted a multivariate uncertainty analysis on our
model predictions to assess the impact of the uncertainty in the
model parameters (Fig. 2), but this analysis afﬁrmed the validity of
our predictions. Assuming also a wider uncertainty range of 35%
around the point estimates of all parameters (details not shown),
and including the uncertainty in UNAIDS estimates of HIV preva-
lence trends (details not shown), though affected the conﬁdence
intervals of some of the estimates, were of no consequence on our
conclusions.
Although the scale-up of interventions in HIV transmission
models is important and can lead to declining epidemics, ART and
VMMC  scale-ups have only been initiated in recent years, and even
today, ART and VMMC  coverages continue at relatively low lev-
els in most settings (Njeuhmeli et al., 2011; UNAIDS, 2011; WHO,
2008). The declines in HIV prevalence and incidence occurred about
a decade before the scale-up in ART and VMMC  (Nagelkerke et al.,
2014; The World Bank, 2014; UNAIDS, 2011; WHO, 2008), and
accordingly ART and VMMC  scale-ups are unlikely to impact our
conclusions.
In conclusion, our model results indicate that large declines in
the sexual risk of exposure to HIV infection have occurred across
SSA. These declines are remarkable in terms of their intensity,
rapidity, and synchronicity across much of the continent. Within
just a decade, it became much less likely for any individual to be
exposed to HIV infection. While different mechanisms can explain
these declines in terms of an array of behavioral and biological
factors, we believe that these predicted declines reﬂect largely
reductions in the overall level of sexual risk behavior. This assertion
is consistent with the nature of the predicted declines in our study
and with independent empirical evidence that links the declines
in HIV prevalence to changes in sexual behavior across SSA. We
have also provided a rationalization for how the changes in sex-
ual risk behavior could have occurred starting from small changes
in sexual behavior at the individual-level, to large disruptions in
the connectivity of sexual networks at the population-level. These
ﬁndings provide contextual support to the hypothesis that changes
in sexual behavior that occurred to a large extent in the 1990s are a
dominant driver of the observed declines in HIV prevalence in SSA
in recent years.
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